Rationale The effects of adolescent marijuana use on the developing brain remain unclear, despite its prevalence. Arterial spin labeling (ASL) is a noninvasive imaging technique that characterizes neurovascular status and cerebral blood flow (CBF), potentially revealing contributors to neuropathological alterations. No studies to date have looked at CBF in adolescent marijuana users. Objectives This study examined CBF in adolescent marijuana users and matched healthy controls at baseline and after 4 weeks of monitored abstinence. Methods Heavy adolescent marijuana users (n023, >200 lifetime marijuana use days) and demographically matched controls (n023) with limited substance exposure underwent an ASL brain scan at an initial session and after 4 weeks of sequential urine toxicology to confirm abstinence. Results Marijuana users showed reduced CBF in four cortical regions including the left superior and middle temporal gyri, left insula, left and right medial frontal gyrus, and left supramarginal gyrus at baseline; users showed increased CBF in the right precuneus at baseline, as compared to controls (corrected p values<0.05). No between group differences were found at follow-up. Conclusions Marijuana use may influence CBF in otherwise healthy adolescents acutely; however, group differences were not observed after several weeks of abstinence. Neurovascular alterations may contribute to or underlie changes in brain activation, neuropsychological performance, and mood observed in young cannabis users with less than a month of abstinence.
Introduction
Despite an increase in reported cannabis use in adolescence (Johnston et al. 2010) , the structural and neurovascular effects of the drug on the brain are still not well understood. Some studies have shown cannabis use to be associated with alterations in brain tissue structure (Ashtari et al. 2009; Bava et al. 2010 ) and function (Abdullaev et al. 2010; Schweinsburg et al. 2011; Tapert et al. 2007) , while others have shown fairly limited findings (Delisi et al. 2006; Jacobus et al. 2009a ). The neurotoxic effects of cannabis use are still inconclusive, and only a few studies have investigated the effects of cannabis use on cerebral blood flow (CBF) in adults, which can aid in interpretation of blood oxygen level-dependent (BOLD) signal measured in functional magnetic resonance imaging (fMRI). Better quantification of CBF can help interpret neuronal signaling and cognitive functioning and any neurovascular pathology associated with cannabis use. To our knowledge, CBF has not yet been examined in adolescent cannabis users.
Arterial spin labeling (ASL) is a noninvasive method of quantifying CBF in local brain regions, providing better spatial and temporal resolution than other modalities that quantify blood flow such as positron emission tomography (PET). Functional applications of ASL have the capacity to improve signal localization as it measures the rate of arterial blood flow delivered to capillary beds, which is closer to the site of neural activity as opposed to venous blood flow changes reflected in fMRI studies (Buxton 2009 ). Alternative more invasive imaging modalities (e.g., 133 Xenon inhalation method, PET, dynamic susceptibility contrast) have allowed researchers to investigate altered patterns of blood flow and blood volume in cannabis using adults as a result of acute intoxication and chronic use, yet ASL techniques (both resting state and functional) have not been widely utilized in the cannabis literature (Martin-Santos et al. 2010; van Hell et al. 2011) .
Research findings on the acute effects of cannabis have been fairly consistent, with most studies reporting an increase in CBF after immediate exposure (Lundqvist et al. 2001) . For example, several early adult studies found increased CBF after smoking or intravenous administration of cannabis relative to comparison subjects (Mathew and Wilson 1993; Mathew et al. 1989 Mathew et al. , 1992 Mathew et al. , 1997 Mathew et al. , 2002 . Volkow et al. (1996) reported similar findings of increased glucose metabolism after tetrahydrocannabinol (THC) infusion. Brain regions identified across studies include both cortical and subcortical regions, particularly frontal brain regions, insula, basal ganglia, and cingulate. Only one study has utilized ASL to understand the acute effects of cannabis use. van Hell et al. (2011) delivered THC via vaporizer prior to a neuroimaging session. The authors found increased CBF in the cingulate cortex, superior frontal cortex, and insula; they also found decreased perfusion in the post-central gyrus and occipital gyrus.
Findings on the long-term effects of chronic cannabis use have been more variable, but generally suggest lower or stabilized CBF after a period of abstinence in heavy users. Chronic adult users assessed after a 5-to 8-day period of monitored abstinence showed initial global decreases in CBF with subsequent increases after 9-60 days of abstinence, suggesting a return to baseline CBF in chronic users after 2 weeks of abstinence (Tunving et al. 1986 ). Experienced adult cannabis smokers who refrained from smoking for 12 h also demonstrated decreased CBF at baseline (Mathew et al. 1989) . Similarly, depressed levels of cerebellar metabolism were reported by Volkow et al. (1996) in chronic adult users after 3 days of abstinence when compared to controls. Sneider et al. (2008) found that cannabis users demonstrated significantly higher blood volumes in the right frontal area, the left temporal area, and the cerebellum when compared to controls after 6-36 h of abstinence (2006); however, this group reported relative stabilization of cerebral blood volume after a month of abstinence, particularly in frontal brain regions. Conversely, Herning et al. (2005) found that, after 3 days of abstinence, chronic users displayed increased blood flow velocity in the anterior and middle cerebral arteries when compared to controls, and these differences persisted after a month of monitored abstinence. There have been no studies to date that have used ASL to look at vascular changes over time in abstinent adolescent users.
Given the quantity of BOLD imaging studies in the literature in adolescents and young adults (for reviews, see Jacobus et al. 2009b; Martin-Santos et al. 2010) , further examination of alteration in resting CBF is greatly needed. It is unclear which general vascular alterations may lead to alteration in cognitive status, or simply represent more isolated vasodilation properties of the cannabis compound. This is particularly important in cannabis research since the frontal lobe, hippocampal/temporal regions, basal ganglia, and cingulate cortices are susceptible to cannabis exposure due to their high density of cannabinoid receptors and implicated in cognitive functions such as memory and attention (Herkenham et al. 1990 ). Studies on chronic cannabis users have found correlations between performance on cognitive tasks and several measures of neurovasculature O'Leary et al. 2002; Bolla et al. 2005; Eldreth et al. 2004) .
The neural underpinnings of higher-order cognitive functioning are being established in adolescence, a period of ongoing cerebral maturation in frontal regions of the brain. The previous studies are limited in their examination of adult users (van Hell et al. 2011) , and currently, there has been no evaluation of the cerebrovascular effects of heavy cannabis use in adolescents using ASL imaging. Here, we examined the effects of chronic cannabis use on CBF levels in 15-18 year olds at baseline and again after 28 days of monitored abstinence. We hypothesized that cannabis users would demonstrate lower CBF levels at baseline when compared to age matched controls, and CBF would correlate with marijuana and other substance use severity, cognition, and mood variables. Furthermore, we predicted that CBF levels for users would stabilize after abstinence, particularly in areas important for cognition. Our goal was to prospectively evaluate the effects of chronic use on resting neurovasculature measures during a developmentally critical period.
Methods

Participants
Twenty-three adolescent heavy cannabis users and 23 demographically matched control teens with minimal substance use were recruited from local schools (see Table 1 ). Comprehensive screening interviews were administered to parents and/or guardians; adolescents were required to have a parent or legal guardian provide consent to participate in the study and to provide assent for their own participation, in accordance with University of California, San Diego Human Research Protections Program procedures. Exclusionary criteria included history of a Diagnostic and Statistical Manual for Mental Disorder-Fourth Edition. (DSM-IV; American Psychiatry Association 1994) Axis 1 disorder other than alcohol or cannabis use disorder, use of psychoactive medications, learning disability or mental retardation, neurological condition (e.g., migraine), or traumatic brain injury with loss of consciousness >2 min; prenatal alcohol or drug exposure; premature birth; left handedness; and non-fluency in English.
Teens were classified as controls (<four marijuana lifetime use days; CON) or marijuana users (>200 lifetime marijuana use days; MJ). All participants received neuroimaging at baseline, at which time marijuana users had 1-17 days (M0 5.1, SD03.8) of abstinence, and underwent twice weekly urine toxicology. Specifically, THCCOOH to creatinine ratios were examined in relation to published data on residual excretion rates (Smith et al. 2009 ) for confirmation of abstinence over the course of 4 weeks. Breathalyzer was also given to all participants at each urine toxicology screen appointment and at the follow-up scan 4 weeks later to confirm sobriety from alcohol (see Fig. 1 for timeline of procedures). The Customary Drinking and Drug Use Record (Brown et al. 1998 ) was used to assess lifetime alcohol, marijuana, nicotine, and other illicit substance use at baseline. The Timeline Followback (Sobell and Sobell 1992 ) was used to assess past month substance use (e.g., alcohol, marijuana) prior to both baseline and follow-up scans.
Emotional functioning
The State Trait Anxiety Index (STAI; Spielberger et al. 1970 ) assessed state anxiety at baseline and follow-up scan session. The Beck Depression Inventory-Second Edition, 2nd edn. (BDI-II; Beck et al. 1961 ) assessed active depressive symptoms at both imaging appointments.
Cognitive functioning
The Wechsler Abbreviated Scale of Intelligence (WASI) Vocabulary and Block design subtest (Wechsler 1999) and the Wide Range Achievement Test-3 Reading subtest (Wilkinson 1993) provided an estimate of premorbid intellectual functioning. Attention and processing speed were measured using the Wechsler Adult Intelligence Scale Third Edition Digit Symbol and Digit Span subtests subtests (Wechsler 1997) . The California Verbal Learning Test-Second Edition was used to assess verbal learning and memory (Delis et al. 2001 ).
Demographics
The Family History Assessment module (Rice et al. 1995) was used to assess family history of psychiatric disorders. Parental income and grade point average was collected during comprehensive clinical interview prior to imaging sessions.
Procedures ASL acquisition and processing All scans were acquired on a 3.0T General Electric magnetic resonance imager with an eight-channel receive coil at the University of California, San Diego. Subjects were asked to remain awake and still in the scanner to the best of their ability. Three imaging sequences (one perfusion-weighted acquisition and two calibration scans) were acquired to calculate absolute CBF. First, resting state blood flow was measured with pulsed ASL using a modified flow-sensitive alternating inversion recovery (FAIR) sequence (6 min and 40 sec) with QUIPSS-II saturation pulses and an interleaved (four-shot) spiral readout (Kim 1995; Liu and Wong 2005) . ASL pulse sequence parameters include TE03.3 ms, TR02500 ms, field of view022 cm, slice thickness05.0 mm, image matrix0 64×64, T110600 ms, T1201600 ms, tag thickness 10 cm, 20 axial slices, and 20 tag+control image pairs. Two calibration scans were acquired (36 and 32 s) including one acquisition with inversion pulses turned off to estimate the equilibrium magnetization of cerebral spinal fluid and a minimum contrast scan to account for coil and field inhomogeneities (Chalela et al. 2000; Wang et al. 2005) . A highresolution MRI anatomical spoiled gradient recalled (SPGR) acquisition scan sequence was also collected at each session with TE/TR0min full, field of view024 cm, resolution01 mm 3 , 170 continuous slices. All imaging data were processed using Analysis of Functional NeuroImages (AFNI; Cox 1996), Functional Magnetic Resonance Imaging of the Brain's software package, FMRIB Software Library (FSL; Smith et al. 2004 ) and inhouse MatLab scripts. The sensitivity encoding (SENSE) reconstruction algorithm (Pruessmann et al. 1999 ) was first applied to reconstruct the image from each interleave and then the images from the four consecutive interleaves were summed together. CBF quantification was then estimated by MatLab scripts utilizing AFNI and FSL tools for surround subtraction of the tag-control time series. Estimated CBF values were converted to ml/100g/min using CSF as the reference signal (Wong et al. 1998) . Each individual highresolution anatomical dataset was spatially standardized, segmented, and skull-stripped and registered to the perfusion dataset. CBF data were smoothed using a 4.0-mm fullwidth, half-maximum Gaussian filter, registered to standardized space, and negative intensity voxels were replaced with zero. Each participant's CBF data were then multiplied by their respective gray matter anatomical dataset in order to ensure only gray matter voxels were included in all subsequent analysis.
Statistical analysis A two-way mixed model whole-brain analysis of variance (ANOVA) was applied (AFNI 3dANOVA3) to examine both within subject and between subject effects. The main effects of time, group, and their interaction were specified, in addition to a priori contrasts to examine the differences between group levels (i.e., CON and MJ) at each time point (i.e., baseline and 28-day followup) and within subject differences for each group as a follow-up to significant factors identified by two-way ANOVA. Monte Carlo simulation for type I error control (AFNI AlphaSim) with voxelwise alpha 0.05 yielded a minimum cluster volume threshold of 832 μl (13 contiguous voxels). Blood flow values from significant clusters were extracted for exploratory bivariate correlations between CBF and substance use, neurocognitive, mood state variables, and other substance use covariates as appropriate.
Results
Between group differences
Groups did not differ statistically on any demographic characteristics (p values>0.05, see Table 1 ). The marijuana users reported significantly higher levels of depressed mood at baseline (although only two participants were in the mildly clinically significant range). Groups differed on lifetime frequency and duration of alcohol, marijuana, tobacco, and other drug use, as anticipated (see Table 1 ).
Whole-brain ANOVA revealed a main effect of group between users and controls (F (1,44) 04.08, p <0.05, corrected). Follow-up a priori contrasts (p values<0.05, corrected) between groups at both time points demonstrate differences in five clusters at baseline (see Fig. 2 ). In four clusters, MJ users showed significantly lower CBF values than controls at baseline in: (1) left superior and middle temporal gyri (t04.0), (2) left insula (t02.1), (3) left extending to right medial frontal gyrus (t03.4), and 4) left supramarginal gyrus (t04.4). One cluster in the right precuneus (t0-2.9) revealed higher CBF values in the MJ users than controls at baseline (see Figs. 2, 3 and 4 and Table 2 ). No between group differences were found at follow-up. The within subjects main effect of time and the group by time interaction on CBF were nonsignificant, and therefore follow-up contrasts were not explored.
To determine if principal findings remained significant after controlling for other substance use, the analyses were reexamined in PASW Statistics v. 18.0 (SPSS) controlling for between group other substance use differences identified in Table 1 (e.g., alcohol, nicotine, amphetamines, etc.), and relationships remained significant (p values<0.01) Correlations with substance use severity Bivariate correlations were examined in the MJ user group between CBF values at baseline and alcohol, nicotine, and all other substance use severity variables (see Table 1 ) to identify potential covariates for dose-dependent CBF relationships with marijuana use; if any significant relationships were found with other substance use variables, they were included as covariates. Within the MJ user group (n023), more days per month of marijuana use in the past month was associated with lower baseline CBF in the left insula (r0-0.43, p00.04). Unexpectedly, more days since last marijuana use at baseline was related to reduced CBF in the medial frontal cluster (r0-0.43, p00.04). However, in the medial frontal cluster, more heavy drinking days in the month before baseline was associated with increased CBF values (r00.55, p<0.01). Therefore, the marijuana use severity and CBF association was reevaluated controlling for heavy drinking. Marijuana use severity (days since last marijuana use) was not found to be a significant predictor of CBF in the medial frontal cluster after controlling for heavy drinking days in the past month (p00.12). In the right precuneus, more total drinking days in the past month (r00.58, p<0.01) and more cigarettes smoked in the month prior to baseline (r00.58, p<0.01) were linked to higher CBF for this region, but marijuana use was not related to CBF here.
Correlations with emotional and cognitive functioning
In the MJ group, increased CBF at time 1 in the medial frontal cluster was related to increased anxiety state at time 1 (r00.51, p<0.01). It was also related to decreased performance on trial 1 learning on the CVLT-II at baseline (r0-0.53, p<0.01) and to decreased performance on the digits backwards component of the WAIS-III digit span subtest (r0-0.58, p<0.01); however, the relationship with CVLT-II trial 1 at baseline was no longer significant after controlling for anxiety (p00.052). In the left superior medial temporal gyrus, increased CBF at time 1 was related to fewer words recalled on CVLT-II long delay free recall (r0-0.44, p00.01). No relationships were observed between CBF and executive functioning, nonverbal memory, structural verbal memory, or visuospatial processing (see Fig. 5 ).
Discussion
We identified significantly different CBF values for adolescent marijuana users compared to controls after just a few days of abstinence. Regions in which marijuana users demonstrated decreased CBF at baseline were the medial frontal gyrus, left insula, left supramarginal gyrus, and left temporal regions. Further, more days of marijuana use in the month Fig. 2 Brain regions showing mean blood perfusion differences with standard errors between marijuana users and controls at baseline (all p values<0.05, corrected) before scanning was linked to reduced baseline CBF in the insula for users. However, in the more posterior right precuneus, marijuana users showed increased CBF compared to controls at baseline, and this was linked to more past-month tobacco smoking and heavy drinking episodes among users. Importantly, no CBF differences were apparent between groups after 4 weeks of monitored abstinence, suggesting these neurovasculature abnormalities have the capacity to recover with abstinence in physically healthy adolescents.
The acute increases in CBF after exposure to cannabis are well documented across multiple imaging modalities (Lundqvist et al. 2001 ). Our findings are fairly similar to adult studies reporting decreased CBF or metabolic activity in recently abstinent marijuana users (Mathew et al. 1989; Sevy et al. 2008; Tunving et al. 1986; Volkow et al. 1996) , which returns to baseline with more protracted abstinence (Sneider et al. 2008) . A recent cross sectional adult study by van Hell et al. (2011) utilizing ASL also reported similar anatomical CBF perfusion changes in frontal, temporal, and limbic system brain regions (e.g., insula, anterior cingulate cortex) in response to marijuana use; the authors found perfusion increased in fronto-limbic brain regions and decreased in posterior (i.e., occipital gyrus) regions after acute administration of THC. Interestingly, our findings show the opposite pattern with shorterterm abstinence (compared to acute administration findings reported by van Hell), as we suggest decreased cortico-limbic neurovascular activity and increased posterior cortical vascular activity. These vascular perfusion differences may have implications not only for efficient cognitive functioning in both adolescent and adults but also for altered patterns of healthy neurodevelopment in adolescents, which may then lead to deleterious effects on neural tissue and neural signaling.
Cannabis is believed to have vasodilation properties; evidence from animal studies suggests decreased heart rate, blood pressure, and increased blood flow during cannabis consumption (Kunos et al. 2000; Randall et al. 2004) . The human literature is not as clear regarding both the acute cardiovascular effects and the longer-term neurovascular effects of cannabis (and frequency and duration are likely to also play a role in these relationships; Jones 2002). However, previous findings along with the present seem to point to the possibility of decreased blood flow, while THC is being eliminated from the body (Block et al. 2000; Lundqvist et al. 2001; Mathew et al. 1989; Sevy et al. 2008; Tunving et al. 1986 ). This raises particular concern for adolescent neurodevelopment, as decreased perfusion may correspond to increased potential for neurophysiological Fig. 4 Mean blood perfusion differences and standard errors at baseline and after monitored abstinence, *p<0.05, corrected (Blue = CON < MJ, Green = MJ < CON) Fig. 3 Anatomical locations of between-group CBF differences at baseline (from left), right precuneus, left insula (axial view), medial frontal gyrus, superior and middle gyrus, left insula (sagittal view), and supramarginal gyrus (p values<0.05, corrected) . CON<MJ (blue), MJ<CON (green) complications and hindered development. Adequate blood flow is likely critical for ongoing subtle developmental processes which continue into late adolescence, including both synaptic pruning and myelination (Takahashi et al. 1999) .
Further, changes in hemodynamics may have an impact on our interpretation of BOLD imaging fMRI studies, although studies have suggested BOLD imaging to be independent of neurovascular alterations associated with drugs of abuse (Murphy et al. 2006) . Nevertheless, 4 weeks of abstinence prior to functional neuroimaginag (as requested for this project) may increase confidence that differences between substance users and controls represent neural signaling compared to general vascular alterations, although this is speculative and further research is clearly warranted. Better understanding of dynamic CBF changes in adolescent cannabis users may help inform our discussion on the neural and/or vascular underpinning of structural and functional brain changes (both increases and decreases). For example, neurovascular changes may influence sensory perception (e.g., insular cortex), decision-making and cognitive control (e.g., medial-frontal brain regions), and other higher-order cognitive processing (e.g., supramarginal gyrus, superior temporal gyrus) associated with marijuana use and reflected in BOLD imaging (Becker et al. 2010; Filbey et al. 2009; Jager et al. 2010; Schweinsburg et al. 2011 ) and traditional neurocognitive evaluation (Hanson et al. 2010; Pope et al. 2001) . We also found relationships between CBF and cognitive status in the user group, as higher CBF was largely related to poorer cognitive performance. It is possible that individuals with higher CBF values have more recent use and therefore perform worse on cognitive evaluation, particularly on memory tasks and more demanding attentional processing tasks (i.e., our findings of poorer performance on long delay free recall and digit backwards); while we did not see direct evidence of this theory in our data set (recency of marijuana use and/or alcohol use was not related to neuropsychological test performance reported here), this may be consistent with our finding of more days since last use related to decreased CBF values in the user group.
It is important to note that the relationship between vascular activity and marijuana use is likely modulated by both nicotine and alcohol, particularly given their common comorbidity in adolescent populations (Johnston et al. 2010) , and our sample differed on alcohol and nicotine consumption as anticipated. The independent effects these substances have on CBF must also be considered (Demir et al. 2002; Domino et al. 2000; Zubieta et al. 2001) . For example, we saw heavy drinking and severity of cigarette use related to increased CBF in the user group, future research should work to disentangle the effects of these substances on adolescent neurovascular dynamics and neurodevelopment. Further, while our contrasts identified differences at time 1 only, we emphasize that we did not see a significant within-subject main effect of time or time by group interaction (despite few weaker trends, p values > 0.07) in any brain regions in our principal analyses; therefore, we must be cautious about inferring any changes in CBF following abstinence from cannabis use. While within-subject changes in CBF, per se, were not substantiated here, regression to the mean is an important consideration in longitudinal research examining blood flow changes over time in both adult and adolescent cannabis users. Given that effect sizes are relatively modest and conducting multiple correlational analyses increases type I error, replication would be helpful in working to better understand the true impact of cannabis use on CBF and cognitive processing.
Although group differences in anxiety state were not found, it is possible that differences between groups could reflect differences in emotional functioning to some degree. While weekly urine toxicology was conducted to confirm abstinence, duration and frequency of substance use variables was based on self-report. Further, it is possible that these findings do not generalize to those excluded from study, including those individuals with more severe psychopathology or neurologic injury. Differences in methodology must also be considered when comparing vascular changes related to cannabis use, not only neuroimaging approaches but also limitations related to controlling for default cognitive networks likely to be active during resting states. Future work in our laboratory will focus on identifying relationships between alterations in CBF and neurocognitive measures, in addition to other multimodal imaging techniques, in both cannabis users and healthy adolescents. Given significant research focus on functional and structural brain changes in adolescent substance use, and imaging indices as predictors of cognitive outcome, understanding the role vascular changes have in these processes will allow us to better understand the physiological underpinnings of neuropathological changes. Noninvasive measures of CBF may provide an important biomarker of impact on neural networks and cognitive development in adolescence. r = .51, p < .01 r = -.58, p < .01 r = -.44, p = .01 Fig. 5 Correlations between CBF, mood, and cognitive status in adolescent marijuana users (n023) at baseline (1-17 days of abstinence)
